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Abstract 

It is presented a critical consideration of all unusual properties of the scalar 
ao (980) and /o(980)-mesons in the four-quark, two-quark and molecular mod- 
els. The arguments are adduced that the four-quark model is more preferable. 

It is discussed the complex of experiments that could finally resolve this issue. 
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I. INTRODUCTION 

Spherical Neutral Detector (SND) from the e + e~-collider VEPP-2M in Novosibirsk has 
discovered fl]]^] the electric dipole decays — > 77r°7r° and — > 77?°^ in the region of the 
soft by strong interaction standard photons with the energy uj < 120 MeV, i.e., in the 
region of the scalar ao(980) and /o(980)-mesons m n o w Q > 900 MeV and m 7r o v > 900 MeV, 
— > 7/0 (980) — > 77r°7r and — > 7a (980) — > •yn !]. The data are 

5(0 -> 7vr 7r° ; m^o > 900 MeV) = (0.5 ± 0.06 ± 0.06) ■ 10~ 4 

at total 5(0 ^ 77r°7r°) = (1.14 ±0.10 ±0.12)- 10 -4 , (1) 

5(0 -> -fn°ri ; > 900 MeV) ~ 0.5 ■ 10~ 4 , 

at total 5(0 -> 77r%) = (0.83 ± 023) • 10~ 4 . (2) 

Cryogenic Magnetic Detector-2 (CMD-2) from the e + e~-collider VEPP-2M in Novosi- 
birsk has confirmed these results ||. 

New preliminary SND analysis |4]] of 1998 data with double statistics in comparison to 
1996 data |J also confirms the results (0). 

The branching ratios in Eqs. flU) and (0) are great for this photon energy region and, 
probably, can be understood only if four-quark resonances are produced |j|,|6j . Note that the 
cio (980) meson is produced in the radiative decay as intensively as the containing strange 
quarks rf meson. 
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II. EVIDENCES FOR STRANGE QUARKS IN THE / (980) AND a (980) 



To feel why numbers in Eqs. ([I]) and (|2]) are great, one can adduce the rough estimate. 
Let there be structural radiation without a resonance in the final state with the spectrum 

dT{4> -> 7 A°M) a 1 3 

- ~ — ■ O ZI ■ — tU} , 

dun 7r m± 

where 5ozi ~ 10~ 2 is a factor describing the suppression by Okubo-Zweig-Iizuki (OZI) 
rule. Recall that the a; 3 law follows from gauge invariance. Really, the decay amplitude is 
proportional to the electromagnetic field F^ u ( in our case to the electric field ), i. e., to the 
photon energy u in the soft photon region. 
Then one gets 

r u _> 7 7r°7r°(?7)) • dozi ■ ^ W- 6 MeV , 

4 7r 

i.e. B((f) -f 77r°7r°(^)) ~ 2 ■ 10~ 7 , 
where ^ = 120 MeV. 

To understand, why Eq. (g) points to four-quark model, is particular easy. Really, 
the 0-meson is the isoscalar practically pure ss-state, that decays to the isovector hadron 
state 7i r] and the isovector photon. The isovector photon originates from the p-meson, 
— ► pao(980) — > 77r°?7, the structure of which in this energy region is familiar 

(uu-dd)/V2. (3) 

The structure of the ao(980)-meson , from which the 7r°?7-system originates, in general, 

is 

X = ao(980) = c\(uu — dd)/V2 + C2SS(UU — dd)/V2 + .... (4) 

The strange quarks, with the first term in Eq. ([|) taken as dominant, are absent in 
the intermediate state. So, we would have the suppressed by OZI-rule decay with B((p — > 
7ao(980) — > 77r°?7) ~ owing to the real part of the decay amplitude M. The imaginary 



part of the decay amplitude, resulted from the K + K~- intermediate state (0 — ► r yK + K^ — > 
7a (980) — > -fx !]), violates the OZI-rule and increases the branching ratio |||| up to 1CT 5 . 
The four-quark hypothesis is supported also by the J/^-decays. Really, J7| 

B(Jji) -> a 2 (1320)p) = (109 ± 22) • 1(T 4 , (5) 

while 

B(J/if> -»■ a (980)p) < 4.4 ■ 10~ 4 . (6) 

The suppression 

B(J/ip -> a (980)p)/ J B(J/^ -> a 2 (1320)p) < 0.04 ± 0.008 (7) 

seems strange, if one considers the a 2 (1320) and a (980)-states as the tensor and scalar 
two-quark states from the same P-wave multiplet with the quark structure 



a = [uu 



— dd)/y/2 , <2q = ud , a = du . (8) 



While the four-quark nature of the a (980)-meson with the symbolic quark structure 

a[j = ss{uu — dd)/v2 , Oq = ssud , = ssdu (9) 

is not cntrary to the suppression in Eq. (0). 

Besides, it was predicted in that the production vigor of the a (980)-meson, with it 
taken as the four-quark state from the lightest nonet of the MIT-bag JTOf , in the 77-collisions 
should be suppressed by the value order in comparison with the ao(980)-meson taken as the 
two-quark P-wave state. In the four-quark model there was obtained the estimate 

r(a (980) -> 77) ~ 0.27keV, (10) 



which was confirmed by experiment [11,12 



T(a -> 77) = (0.19 ± 0.07l°;J 7 )/ J B(a -> irr)) keV, Crystal Ball, 

r(a -> 77) = (0.28 ± 0.04 ± 0.1)/S(a -»■ ^77) keV, JADE. (11) 



At the same time in the two-quark model (§) it was anticipated ||T3| , |T4|| that 

T(a -> 77) = (1.5 - 5.9)r(a 2 -> 77) = (1.5 - 5.9)(1.04 ± 0.09) keV. (12) 

The wide scatter of the predictions is connected with different reasonable guesses of the 
potential form. 

As for the <fr 7/0 (980) — > 77r°7r°-decay, the more sophisticated analysis is required. 
The structure of the /o(980)-meson, from which the 7r°7r°-system originates, in general, 

is 

Y = / (980) = c gg + c 1 (uu + dd)/V2 + c 2 ss + c 3 ss(uu + dd)/V2 + ... . (13) 

First we discuss a possibility to treat the /o(980)-meson as the quark-antiquark state. 
The hypothesis that the /o(980)-meson is the lowest two-quark P-wave scalar state with 
the quark structure 

f = (uu + dd)/V2 (14) 

contradicts Eq. (|l|) in view of OZI, much as Eq. contradicts Eq. (|2]) (see the above 
arguments) . 

Besides, this hypothesis contradicts a variety of facts: 

i) the strong coupling with the i^^-channel [[Ej|.|5| 

1 < R = \gj K+K- /gf iT+iT- 1 2 ~ 8 , (15) 

for from Eq. ([14]) it follows that \gf K+K- / 9f n+n-\ 2 = A/4 ~ 1/8, where A takes into account 
the strange sea suppression; 

ii) the weak coupling with gluons [ 16f 



B(J/ip -> 7/ (980) -> 77T7r) < 1.4 • 10" 5 (16) 
opposite the expected one |T^] for Eq. ( |T4] ) 



B(J/^ ^ 7/o(980)) > B{ J/^j -> 7 / a (1270))/4 ~ 3.4 ■ 10" 4 ; (17) 



iii) the weak coupling with photons JI5,|I9] 



r(/o -> 77) = (0.31 ± 0.14 ± 0.09) keV, Crystal Ball, 

r(/o -> 77) = (0.24 ± 0.06 ± 0.15) keV, MARK II (18) 



opposite the expected one [jT3"l , |14|| for Eq. flUf ) 



T(/o - 77) = (1-7 - 5.5)r(/ a -> 77) = (1.7 - 5.5)(2.8 ± 0.4) keV; (19) 
iv) the decays J/^ -> /„(980)u;, J/^ -> / O (98O)0, J/V -> / 2 (1270)a;, J/V -> /£(1525)0 § 

5(J/^ -> / (980V) = (1.4 ± 0.5) • 10" 4 . (20) 

B{J/i> -> /o(98O)0) = (3.2 ± 0.9) • 10" 4 . (21) 

B(J/ip -> / 2 (1270V) = (4.3 ± 0.6) ■ 10" 3 , (22) 

W - /a(1525)0) = (8 ± 4) • 10~ 4 , (23) 

The suppression 

B(J/tp -> / (980)o;)/£( J/^ -> / 2 (1270)u;) = 0.033 ± 0.013 (24) 

looks strange in the model under consideration as well as Eq. (|?D in the model 

The existence of the J/^> — > /o(98O)0-decay of greater intensity than the J/^ — > 

/o(980)u;-decay ( compare Eq. fl20"|) and Eq. (|2l|) ) shuts down the model ([14]) for in 

the case under discussion the J ft/) — > /o(98O)0-decay should be suppressed in comparison 

with the J ftp — > /o(980)u;-decay by the OZI-rule. 

So, Eq. (|TJp is excluded at a level of physical rigor. 

Can one consider the /o(980)-meson as the near ss-state? 

It is impossible without a gluon component. Really, it is anticipated for the scalar ss- 
state from the lowest P-wave multiplet that ]17| 



B (J/ip - 7 /o(980)) > B(J/^ - 7 /5(1525))/4 ~ 1.6 • 10" 4 (25) 

opposite Eq. (jlBD , which requires properly that the /o(980)-meson be the 8-th component 
of the SU f (3)-oktet 

/ (980) = (uu + dd- 2ss)/V6 . (26) 

This structure gives 

r(/o - 77) = ^(1-7 - 5.5)r(/ 2 - 77) = (0.57 - 1.9)(1 ± 0.14) keV, (27) 



that is on the verge of conflict with Eq. ( 118]) . 
Besides, it predicts 

BW - /o(98O)0) = (2A « 1) ■ B(J/i/> - / (980)u;) , (28) 

that also is on the verge of conflict with experiment, compare Eq. ([20) with Eq. (pl|). 



Eq. ( p6|) contradicts Eq. (|T5|) for the prediction 



= |^/oX + ^-/^/o^-| 2 = (VX- 2) 2 /4 ~ 0.4. (29) 

Besides, in this case the mass degeneration mj ~ m ao is coincidental, if to treat the 
ao-meson as the four-quark state, or contradicts the light hypothesis (§). 

The introduction of a gluon component, gg, in the /o(980)-meson structure allows the 
weak coupling with gluons fllB] ) to be resolved easy. Really, by |T7J], 

S(i2[ 9 g]-^(/(/)~O(a2)~0.1-0.2, 

fi(i?[^] - ^) ~ 0(1) , (30) 
then the minor (sin 2 a < 0.08) dopant of the gluonium 



fo = gg sin a + ^(l/ V2j (uu + dd) sin (3 + ss cos (3 



cos a . 



tana = —0(a s ) (V% sin/3 + cos/3j , (31) 
allows to satisfy Eqs. (|T5|) , flT6| ) and to get the weak coupling with photons 



r(/ (980)) -> 77) < 0.22 keV 



at 



-0.22 > tan/3 > -0.52. 

So, cos 2 /? > 0.8 and the / (980)-meson is near the ss-state, as in 
It gives 

g(J/V> -» / (980)q;) 1 2 
0.1 < — — — — - = — tan p < 0.54. 

B{J/il> - /o(98O)0) A 

As for the experimental value 

B(J/i> -> / O (980)w)/S( J/V - /o(98O)0) = 0.44 ± 0.2 , 
it needs refinement. 

The scenario, in which with Eq. ( |5ID the ao(980)-meson is the two-quark state 
into following difficulties: 

i) it is impossible to explain the /o and cto-meson mass degeneration; 

ii) it is possible to get only HH 

B((j) -> 7/0 -> 7vrV) ~ 1.7 ■ 10~ 5 , 
B((f> -> 7 a -> 7A°) - 10" 5 ; 

iii) it is predicted 

r(/o -> 77) < 0.13 • r(a -> 77) , 



that is on the verge of conflict with the experiment, compare Eqs. ( |TT|) and (jig) 
iv) it is also predicted 

B(J/V -> a (980)p) = (3/A « 6) • 5(J/V> - /o(98O)0) , 



that has almost no chance, compare Eqs. (|6]) and (fHj). 
Note that the A independent prediction 



B(J/ip - / O (98O)0)/ J B(J/^ - £(1525)0) = 

= £(J/V> -> a (980)p)/5(J/^ -> a 2 (1320)p) (39) 

is excluded by the central figure in 

B(J/ip -> / O (98O)0)/B( J/V> -> /2( 1525 )0) = °- 4 ± °- 23 , (4°) 

obtained from Eqs. ( pTj) and (0), compare with Eq. ([?]). But, certainly, experimental error 
is too large. Even twofold increase in accuracy of measurement of Eq. ( fHf ) could be crucial 
in the fate of the scenario under discussion. 

The prospects to consider the /o(980)-meson as the near ss-state fl3"T| ) and the ao(980)- 
meson as the four-quark state (f|) with the coincidental mass degeneration is rather gloomy 
especially as the four-quark model with the symbolic structure 

/o = ss(uu + dd) cos6/\/2 + uuddsin 6 , (41) 



built around the MIT-bag [|IOf , reasonably justifies all unusual features of the / (980)-meson 

mm. 



Really, the strong coupling with the KK- channel is resolved at 1/16 < tan 2 9 < 1/2, see 
T5fl . There is no problem of the ao and /o- m eson mass degeneracy at tan 2 # < 1/3. The 



weak coupling with photons was predicted in 

r(/ (980) -> 77) ~ 0.27 keV. (42) 



There is also no problem with the suppression (24). 

But, it should be explained how the problem of the weak coupling with gluons is resolved. 
Recall that in the MIT- model the /o(980)-meson "consists" of pairs of colorless and colored 
pseudoscalar and vector two-quark mesons [[TQ|J9|JT5[1 ) , including the pair of the flavorless 
colored vector two-quark mesons. It is precisely this pair that converts to two gluons in the 
lowest order in a s . 

The width of the /o(980)-meson decay in two gluons can be calculated much as the width 
of a four-quark state decay in two photons |§. It gives 



r(/ ° " ] = tS^ om [if) (i + tan 6)2 cos2 9 ' (43) 

where go/47r ~ 10 — 20 GeV is the OZI-superallowed coupling constant, 0.03 is the fraction 
of the pair of the flavorless colored vector two-quark mesons in the /o(980)-meson wave 
function, that converts to two massless gluons, a s 4ir/ f v is the probability of the transition 
of the flavorless colored vector two-quark meson in the massless gluon, V_ <-> g, fy/^n = 
fp/87c « 1 for the space wave functions of the flavorless colored vector two-quark meson and 
the p-meson are the same. So, 

T(/o -> gg) ~ 15a2(l + tan 6) 2 cos 2 6 MeV. (44) 

At -1/V2 < tan# < -1/4 one gets the width that is at worst of order of magnitude less 
than in the two-quark scalar meson case [T7| and does not contradict Eq. fllpp. 
If to use only planar diagrams one can get in the four-quark model 

B(J/^ -> a°(980)p°) « S(J/V> -> /o(980)cu) « 0.55(J/^ -> / O (98O)0) , (45) 

that does not contradict experiment, see Eqs. ©, fl20|) and (|2l|). 

Recall that almost all four-quark states of the MIT-bag are very broad for their decays 
into the OZI-superallowed channels. That is why it is impossible to extract them from the 
background. Only in the rare cases on or under the thresholds of the OZI-superallowed 
decay channels the "primitive" four-quark states should show up as narrow resonances. 
This sort evidence of the MIT-bag, probably, are the ao(980) and /o(980)-mesons, as well 
as the resonance-interference phenomena discovered at the thresholds of the 77 — > p°p° and 
77 — ► p + p~ reactions ( see review []2T| ) and predicted in p. 

A few words on the attractive molecular model, wherein the ao(980) and /o(980)-mesons 
are the bound states of the ii'^'-system [EI3J23]. This model explains the mass degeneration 



of the states and their strong coupling with the iT^-channel. In the molecular model, as in 
the four-quark model, there is no problems with the suppressions (0) and (^4|). Note that 
Eq. d45|) is also in the i^^-molecule model. 



in 



But its predictions for two-photon widths 

T(a (KK) -> 77) = T(f (KK) -> 77) « 0.6 keV 



(46) 



is on the verge of conflict with the data (|ll|) and flilf) . Besides, the i^X- molecule widths 
should be less bound energy e ~ 20 MeV. The current data pj, r ao ~ 50 — 100 MeV and 
Tf ~ 40 — 100 MeV, contradict this. The .fT.K'-molecule model predicts also |E4 



B( 



7/0 ~~ ► 77T7r) ~ 5(0 — > 700 — > 771°^) ~ 10 



-5 



(47) 



that contradict Eqs. (P and (|2|) 



The studies of the ao(980) and /o(980)-meson production in the n p — ► 7r 7771 [25| and 



7i~p — > 7i°7i°n reactions over a wide range of the four-momentum transfer square < 
— t < 1 GeV 2 show that these states are compact like the p and other two-quark mesons but 
not extended like the molecules with the form factors due to the wave functions. It seems 
that these experiments leave no chance to the i^^-molecule model. As for the four-quark 
states, they are compact like the two-quark ones. 

Lastly, there is a need to answer to the traditional question. Where are the scalar two- 
quark states from the lowest P-wave multiplet with the quark structures @ and (0)? We 
believe that there is no a tragedy with it now! All members of this multiplet are established 



&i(1235), 


I G (J PC ) 


= l + (l + ~), 


r 6l( i235) - 142 MeV, 


MH70), 


I G (J PC ) 


= o-(i + ~), 


r hl(al 70) ^ 360 MeV, 


ai(1260), 


I G (J PC ) 


= 1-(1 ++ ), 


r ai (i260) = 250 to 600 MeV, 


/i(1285), 


I G (J PC ) 


= o + (i ++ ), 


r /l{ i285) - 24MeV, 


a 2 (1320), 


I G (J PC ) 


= l-(2++), 


T a2 (1320) -107 MeV, 


/ 2 (1270), 


I G (J PG ) 


= + (2++), 


r /2 (i270) - 185 MeV, 


a (1450) , 


I G (J PC ) 


= r(o ++ ), 


ra (i450) - 265MeV, 


m a (1450) = 


1300 to 


1500 MeV, 


r ao (i450) = 100 to 300 MeV 
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/o(1370), I G (J PC ) = 0+(2++), r /o(1370) = 200 to 500 MeV, 

m /o( i37o) = 1200 to 1500 MeV. (48) 



Certainly, one cannot consider the scalar members of Eq. ( |48"D as much-established and 
it needs else the refinement of their masses and widths. Nevertheless, from Eq. ( f48|) it 
will be obvious that forces, responsible for splitting of masses in the P-wave multiplet, are 
either small or compensate each other. That is why we rightfully expect the existence of the 
ao(~ 1300) and /o(~ 1300)-states and it seems by far that the ao(980) and /o(980)-mesons 
are foreigners in the company (|4"8"|). 

The statement of the OPAL Collaboration |27j on a consistency of the /o(980) inclusive 



production in hadronic Z° decay with the hypothesis ([14] ) is not conclusive because any 



calculations of the inclusive production of four-quark states are absent. Nevertheless, from 
general point of view one can expect as copious multiquark state inclusive production as 
two-quark one because in both cases the primary production is the mult ipro duct ion of the 
vacuum qq pairs. 

III. THE THEORETICAL GROUNDS FOR THE FOUR-QUARK MODEL 

A few words on the theoretical grounds for the four-quark nature of the scalar /o(980) 
and ao(980) mesons. It was shown in the context of the MIT-bag |TD[ that the low-lying 



scalar four-quark nonet as bound state of diquarks (T a = e a b c q b q c and T a = e abc qbq c , note 
that similar diquarks binding up with quarks to form the baryon octet) arises from the 
strong binding energy in such a configuration due to a hyperfine interaction Hamiltonian of 
the form 

i<j 

that obtained from one gluon exchange in QCD. 



The result is [JT0 
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a = C° = udud ; k + = = udds , k° = C^q = udus , 

„ t-t-o^y - j , „ s (usus + dsds) 
k = Lk~ = dsud , k = C^o = usud ; j = C = -j= ; 

+ j- o ^ s (usus-dsds) _ 
ciq = C n+ = usds , a Q = C n o = y= , a = G*_ = dsns , 

TO (cr) = 650MeV, m(«) = 900MeV, m(/ ) = m(a ) = HOOMeV. 



Certainly, the MIT-bag model is rather rough, so that one can consider its prediction 
only as a guide. As the a and k mesons lie considerably above their the OZI-superallowed 
channels their widths have of the 1 GeV order. That is why the information about them 
can be got only in a model dependent way. 

In the last few years the true renaissance has been going in treatments of tttt and ttK 
scattering with help of phenomenological linear a models, see, for example, [p8| -|32[|. It has 
been argued on occasion that the corresponding a mesons are quark-antiquark states. But 
in fact at the Lagrangian level there is no difference in the formulation of the two-quark and 
four- quark cases |33fl. 



IV. CONCLUSION 

So, there are many reasons to consider the a (980) and / (980) mesons as the four- 
quark states. Nevertheless, in summary one emphasizes once again that the further study 
of the -> 7 /o(980), 7ao(980), J/^ -> a (980)p, /„(980)w, / O (98O)0, a 2 (1320)p, / 2 (1270)a;, 
/a (1525)0, a (980) — > 77 and / (980) — > 77 decays will enable one to solve the question on 
the a (980) and / (980)-mesons nature, at any case to close the above scenarios. 

I thank V.V. Gubin and G.N. Shestakov for useful discussions. 

The present work was supported in part by the grant INTAS-94-3986. 
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